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 The rare earth elements (REEs) are irreplaceable in modern technology as they 
play a central role in catalysts, fiber optics, permanent magnets, and a myriad of other 
final products. These products go on to serve a variety of industries, including medical 
research and renewable energy. Crustal deposits of rare earths that are economically 
exploitable are very uncommon, with the largest known deposits occurring in China. 
During trade disputes, China has shown they are willing to exploit this natural monopoly 
over REEs, causing turmoil and large price fluctuations in the market for these critical 
minerals. This uncertainty led many countries to explore secondary sources as a supply of 
REEs, and the U.S. Department of Energy has funded research into extracting these 
metals from coal and coal byproducts. The Institute for Energy Studies (IES) at the 
University of North Dakota is currently developing technology to generate a mixed rare 
earth oxalate product from raw lignite coal. Unfortunately, calcium is a significant 
contaminant and the current product is only 10 – 15% rare earths on an oxide basis.  
 In the present study, a two-step process was investigated to increase the purity of 
our rare earth product to greater than 90%. First, a selective dissolution brings the 
calcium and high-value rare earths into solution. Second, a chelating ion exchange resin 
selectively adsorbs the rare earths while the calcium is largely unaffected.  
A fractional factorial design with several follow-up runs found that by calcining 




earths dissolved at 84 – 100% efficiency while the low-value cerium was less than 5% 
extracted. After acidifying the REE filtrate to pH 2.5, a chelating ion exchange resin with 
iminodiacetic acid functional groups in the sodium form is used to selectively adsorb the 
rare earths. The operating capacity for trivalent metals under these conditions is 0.774 
mEq/mL resin. To recover the rare earths, the resin is stripped with 5% HCl until the pH 
turns negative and stabilizes. When deemed necessary, a secondary regeneration with 
10% H2SO4 is carried out to prevent lead and zinc from accumulating on the resin. After 
conditioning with a 4% NaOH solution the resin is ready to be loaded in the next cycle.   
 Before scaling this technology up to the pilot scale, the following tests are 
recommended: calcining the oxalate product at lower temperatures, measuring the 
kinetics of dissolution, testing different pH values for the ion exchange feed, and 














Chapter I: Introduction, Objective, and Outline 
1.1  Introduction to the Rare Earth Elements 
The rare earth elements (REEs) are a group of 17 metals consisting of yttrium, 
scandium, and the lanthanides. Promethium, which has no stable isotopes, is usually 
excluded from the definition despite being in the lanthanide series. They are commonly 
split into two subgroups: the light rare earth elements (LREEs) consisting of lanthanum 
to europium, and the heavy rare earth elements (HREEs) consisting of gadolinium to 
lutetium. Yttrium is typically considered a HREE due to its similarity in chemical and 
physical properties, while scandium is not included in either definition [1]. In general, the 
LREEs are more abundant and less valuable whereas the HREEs are less abundant and 
more valuable [2]. These are not universal classifications however, and some authors will 
present slightly different groupings while others exclude scandium from the definition of 
REE altogether.  
Due to their unique physiochemical properties these metals are found in much of 
today’s technology, from catalysts and superalloys to permanent magnets and fiber optics 
[3]. These products go on to serve a variety of industries, including medical research, 
military science, and renewable energy. Table 1.1 presents a breakdown of some 









Table 1.1: Applications of rare earth elements by metal [4] 
Element Applications 
Scandium Lasers, ceramics, phosphors, high-performance alloys 
Yttrium Phosphors, lasers, ceramics, superconductors, optical lenses 
Lanthanum NiMH batteries, catalysts, hydrogen storage, optical lenses 
Cerium Catalysts, glass additives, ceramics, phosphors, metal refining 
Praseodymium Pigments, permanent magnets, scintillators, telecommunications 
Neodymium Permanent magnets, lasers, metal halide lamps, glass, dielectrics 
Promethium Research 
Samarium Permanent magnets, glass, phosphors, lasers, radiation shielding 
Europium Phosphors, scintillators, LEDs 
Gadolinium MRI contrast agents, scintillators, optical lenses, fluorescent lamps 
Terbium Phosphors, magneto-optical disks, fluorescent lamps, displays, LEDs 
Dysprosium Permanent magnets, phosphors 
Holmium Research, metal halide lamps 
Erbium Fiber optics, lasers, pigments 
Thulium Research, metal halide lamps 
Ytterbium Research, optical lenses, phosphors 
Lutetium Scintillators, optical lenses 
In traditional areas such as textiles, ceramics, and the petroleum industry, the rare 
earths are often present as mixed metals or oxides and may be referred to as mischmetal. 
High-tech applications such as phosphors, magnets, and batteries require high purity 





they allow technology to operate more efficiently at smaller sizes, despite being present 
only in minor amounts (0.1 to 5 wt%). Permanent magnets are a notable exception and 
may contains greater than 25 wt% REEs [6]. 
Domestically, catalysts make up the majority of rare earth consumption with 60% 
of end use in 2018. This is quite different from the global end use, which was more 
evenly split between different applications. Figures 1.1 and 1.2 provide a breakdown of 
the end use applications of REEs in 2018. 
 

















Figure 1.2: Global usage of rare earth elements in 2018 [8] 
Despite their name, the REEs are not very rare and are similar in crustal 
abundance to copper and lead, as seen in Figure 1.3. Even the least abundant REEs are 
more prevalent than silver. Although geologists have identified over 250 REE-bearing 
minerals (chief among these are bastnaesite, monazite, and xenotime) they are rarely 
found in large enough deposits to make their mining economical [9]. The largest known 
deposit of REEs occurs in China, with the Bayan Obo consisting primarily of LREEs. 
More significantly, China is home to ion-adsorbed clay deposits in Jiangxi which almost 
exclusively supply the world’s demand for HREEs [10]. Between these and various other 
deposits, China experienced a natural monopoly on the world’s supply of REEs and was 




















Figure 1.3: Relative abundance of the rare earth elements in the earth's crust [4] 
In 2010, China introduced quotas on REE production and exports causing prices 
worldwide to jump to record highs (Figure 1.4) amid the uncertainty around supply [11]. 
Although these restrictions have since been eased, this event spurred global interest in 
identifying new economic sources of REEs and finding ways to recycle rare earths from 
end-of-life products. The USGS Mineral Commodity Summary 2021 reports that China 
accounted for 58% of global rare earth production in 2020, down significantly from its 
peak of 98% in 2010 [7]. Figure 1.5 breaks down the distribution, with the “other” 
category being populated by India, Russia, Thailand, Vietnam, and Brazil.  
Despite producing 16% of the world’s supply, the U.S. is still 100% reliant on 
imports for final REE compounds and metals due to a lack of domestic refining 





primarily produces lower value LREEs and has struggled to stay in operation after it 
initially shut down in 2002.  
 
Figure 1.4: The prices of three representative rare earths from 2006 to 2016 [12] 
 
 
















Despite the uncertainty around their supply, demand for REEs has continued to 
grow at a staggering rate. As seen in Figure 1.6, demand for rare earths has increased 
substantially since their first application in the 1960s and only severe economic 
downturns have upset this trend. Total demand for REEs is expected to grow annually by 
4.4%, reaching 190,000 tons rare earth oxides (REOs) by 2026 [13]. 
 
Figure 1.6: Global production and demand of rare earth oxides [2] 
Three REEs are expected to outperform the pack: demand for neodymium and 
praseodymium is expected to grow by 4.7%, and dysprosium is expected to grow at 5% 
[13]. These three metals are connected by their importance in neodymium-iron-boron 
(NdFeB) magnets, where Pr and Dy are added in trace amounts to alter the mechanical 
properties. This growth is largely attributed to hybrid and electric vehicles, with over 10.1 





each vehicle requiring up to 2.5 kg of NeFeB magnets in the powertrain [14]. Wind 
turbines will contribute to the growth in demand as well, with each additional MW of 
installed capacity requiring between 250 – 600 kg of NeFeB magnets [15]. Considerable 
effort has gone into finding suitable replacements for REEs in permanent magnets due to 
the risk of supply disruptions and price hikes, but current alternatives would require 
sacrificing performance and size [16]. 
Aside from green energy, the rare earths are indispensable in national defense 
applications. For this reason, being reliant on imports was seen as a national security risk 
and the U.S. has funded significant research into the recovery of REEs from various 
secondary resources. Coal and coal byproducts have been identified as possible sources 
of REEs by the Department of Energy, and the Institute for Energy Studies (IES) at the 
University of North Dakota is currently exploring technology to extract these critical 
metals from raw lignite coal [17]. 
As with many rare earth processes the technology being developed by the IES 
involves an oxalic acid precipitation, as this allows the REEs to fall out of solution while 
iron and aluminum remain as soluble complexes [18]. Unfortunately, co-precipitation of 
calcium is a major issue during these steps and the resulting solids are primarily calcium 
oxalate. The current IES product is approximately 10 – 15% rare earths on an oxide basis, 
well short of the goal of 90%.  
1.2  Objective and Outline 
The objective of this thesis is to determine the operating conditions for a process 
area that will take the rare earth concentrate produced by the current IES technology and 





into the rare earth elements and why they are so crucial. Chapter II summarizes the 
experimental work that went into finding the operating conditions to selectively dissolve 
the high-value REEs from a mixed oxalate product. Chapter III summarizes the work that 
went into selecting an ion exchange resin and the operating conditions that will 
selectively adsorb REEs while allowing the calcium to flow through unimpeded. Chapter 
IV summarizes the findings from this thesis and looks ahead to what work needs to be 
completed before this process can be fully implemented.  
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Chapter II: Selective Dissolution of the Rare Earth Elements 
2.1  Introduction and Problem Statement 
The rare earth extraction and concentration process being developed at the IES 
begins by identifying coal deposits that are enriched in REEs. After selective mining and 
physical beneficiation, the coal is leached under mild conditions with an inorganic acid. 
This brings the rare earths into solution along with significant amounts of aluminum, 
iron, and calcium. Iron is selectively precipitated from the leachate with a base, and then 
the rare earths are precipitated using oxalic acid. The resulting oxalate product is 
primarily calcium, which may be separated from the REEs using a two-step process: 
selective dissolution followed by ion exchange [1]. 
The first step in producing the final rare earth concentrate product is to get the 
REEs back into solution. This is done by calcining the insoluble oxalate mixture at high 
temperatures to decompose the metals into their respective oxides, and then dissolving 
the oxides in acid. These steps provide an opportunity to selectively remove cerium from 
the rare earth concentrate due to the low solubility of its higher oxidation state. Although 
not a requirement of the project, removing cerium would increase the value of the final 
product because of its low value and overproduction [2]. 
2.2  Background 
Due to their exceptionally low solubility in aqueous solutions, the rare earth 
oxalates must be decomposed before they are able to enter solution. This is a two-step 





Ln (C O ) ∙ nH O
 
→ Ln (C O ) + nH O       (2-1) 
Ln (C O ) + xO
 
→ 2LnO + 6CO          (2-2) 
The value of x in equation 2-2 equals 1.5 for the trivalent rare earths, and equals 2 for 
tetravalent cerium. Zinin and Bushuev reported that cerium oxalate calcined at high 
temperatures has low solubility in mineral acids compared to the other rare earths, due to 
the oxidation of Ce3+ to Ce4+ at elevated temperatures [4]. Because of the large surplus of 
cerium produced globally, downstream refiners view it as a penalty element and would 
prefer it be removed from a feedstock before introducing it to their process [5]. It has 
been reported that by calcining at a high temperature and dissolving at pH 3 – 4 virtually 
all the trivalent rare earths will enter solution while the tetravalent cerium oxide remains 
in the solid phase [6]. Also remaining in the cake will be thorium oxide, which naturally 
co-occurs in many REE sources and is expected to be one of the primary contaminants in 
our oxalate product.  
This dissolution behavior can be seen visually by comparing the Pourbaix (Eh-
pH) diagrams of cerium and thorium to lanthanum and neodymium, as seen in Figure 2.1. 
The vertical axis represents the oxidation-reduction potential based on the standard 
hydrogen electrode (SHE) while the horizontal axis represents the pH. The solid black 
lines divide the diagram into areas which denote the locally-predominant species [7]. By 
convention, the stability region of water is represented on Eh-pH diagrams by two 
diagonal lines, with all aqueous solutions operating between them. If air is dissolved in 
the solution the system will operate closer to the top line, as it is an oxidizing 





at equilibrium, and by themselves do not provide information on the dissolution kinetics 
or quantitative speciation [8].  
 
Figure 2.1: Eh-pH diagrams for the Th-, Nd-, Ce-, La-H2O systems at 25 °C: (a) {Th} = 
10-3 M, (b) {Nd} = 10-3 M, (c) {Ce} = 10-3 M, (d) {La} = 10-3 M [9] 
 
Due to the high amount of calcium in the mixture, dissolution into sulfuric acid is 
not viable. The calcium would react with sulfate ions and water to form insoluble 
gypsum, and some of the rare earth ions would structurally incorporate into the solid 
resulting in unacceptable losses [10]. Hydrochloric acid was chosen due to the high 





2.3  Materials, Method, and Equipment 
The rare earth oxalate concentrate used for selective dissolution experiments was 
previously generated by the IES during parametric tests of the upstream unit operations. 
The composition of this product as determined by ICP-MS is given in Table 2-1.  






Scandium (Sc) 709 3800 
Yttrium (Y) 2380 3 
Lanthanum (La) 2960 2 
Cerium (Ce) 4230 2 
Praseodymium (Pr) 438 58 
Neodymium (Nd) 1420 47 
Samarium (Sm) 238 2 
Europium (Eu) 56.9 31 
Gadolinium (Gd) 294 30 
Terbium (Tb) 52.4 628 
Dysprosium (Dy) 360 258 
Holmium (Ho) 78.7 44 
Erbium (Er) 250 26 
Thulium (Tm) 36.9 N/A 
Ytterbium (Yb) 238 20 
Lutetium (Lu) 31.1 N/A 
Calcium (Ca) 189000 --- 
Aluminum (Al) 851 --- 
Iron (Fe) 1560 --- 
Thorium (Th) 71.2 --- 





Table 2.1 also provides the prices for the rare earths on an oxide basis. As seen, 
scandium is by far the most valuable and its quantitative recovery is the priority. Terbium 
and dysprosium are next, and maximizing their recovery is also a primary goal. The two 
least valuable rare earths – lanthanum and cerium – are both overproduced on a global 
scale and removing them from our product would be advantageous. Although it is also of 
low value, yttrium has been identified by the Department of Energy as a critical mineral 
for clean energy with a high supply risk [13]. As such, removing this metal from our 
product is inadvisable. Some of the HREE do not have well-defined market values due to 
their scarcity and niche applications so an oxide price could not be reported.  
It is important to note that the content of iron and aluminum in this product is an 
order of magnitude greater than what is expected to be seen during pilot operation. The 
filter cakes from the upstream parametric tests were not able to be washed effectively so 
they were saturated with the liquor that contained soluble iron and aluminum complexes. 
At the pilot scale the majority of this liquor will be displaced by DI water during a 
washing step and the concentration of these two contaminants in the final solids will be 
drastically lower.  
A fractional factorial design was created in Minitab to determine which operating 
parameters had a statistically significant effect on the extraction efficiency of the rare 
earths from the oxalate mixture. The following factors were tested: operating pH, 
operating temperature, liquid:solid (L:S) ratio, and calcining temperature. A ½-fraction 24 
design was selected as it would allow all the primary effects to be determined in 8 runs. 











































1 1 1 1 1 
2 -1 1 -1 1 
3 -1 1 1 -1 
4 1 -1 -1 1 
5 1 -1 1 -1 
6 -1 -1 -1 -1 
7 -1 -1 1 1 
8 1 1 -1 -1 
To begin the dissolution tests, approximately 10 grams of oxalate product was 
massed and calcined in a muffle furnace for two hours at the required temperature. The 
mass of the calcined product was recorded and used to calculate the amount of DI water 
to reach the required L:S ratio. The beaker of DI water was fitted with a magnetic stir bar 
and placed on a hotplate/mixer with mixing set to 600 rpm. Temperature and pH were 
measured by an Oakton pH 700 probe. Once the DI water was at the desired temperature, 
the solids were added and allowed to mix until the pH was stable. Concentrated HCl was 





target value. For each addition the mass of the acid bottle was recorded before/after, 
along with the pH before/after and time of addition. Once the pH of the solution was 
stable for 1 hour, the beaker was loosely covered to minimize evaporation and the 
solution was left to stir until the next day. Twenty-four hours after adding the solids the 
solution was vacuum filtered with a Büchner funnel. The total mass of the filtrate was 
recorded and a 25-mL sample was sent to the Environmental Analytical Research 
Laboratory (EARL) at UND where it was analyzed via inductively coupled plasma 
optical emission spectroscopy (ICP-OES). The insoluble cakes were dried in an oven and 
stored without being analyzed.  
2.4  Results and Discussion 
The results from the ICP-OES (given in ppm metal) and the total mass of the 
filtrate were compared to the composition and mass of the initial oxalate product to 
determine the percent recovery to the liquid fraction. Table 2.4 presents the recoveries of 
the rare earths from the factorial design, and Table 2.5 presents the recoveries of other 
metals of interest. A few of the elements reported recoveries over 100% for several runs. 
This is likely due to the concentration in the aqueous solution being outside the linear 
calibration range of the ICP-OES, even after dilution. Because this was primarily an issue 
with calcium (which was assumed to quantitatively dissolve at all conditions) the samples 








Table 2.4: Recovery (%) of REEs from the fractional factorial design 
Run Sc Y La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu 
1 1 75 76 5 64 57 66 53 59 58 50 48 46 35 29 30 
2 74 101 50 4 62 59 87 81 81 97 93 97 96 103 99 109 
3 84 99 103 62 85 77 95 81 86 90 89 84 88 81 91 98 
4 1 99 51 1 62 59 81 72 75 86 81 85 83 85 76 85 
5 5 54 72 32 44 38 39 32 39 39 40 38 40 33 39 41 
6 92 89 99 61 75 66 82 69 74 78 77 76 78 76 82 89 
7 95 102 56 13 68 64 91 82 83 95 93 93 94 92 98 105 
8 0 39 79 37 45 37 36 29 32 26 23 21 19 14 10 11 
 
Table 2.5: Recovery (%) of non-REEs 
from the fractional factorial design 
Run Ca Al Fe Th U 
1 112 5 0 -1 -2 
2 105 50 1 2 36 
3 104 71 1 1 10 
4 107 2 0 0 -2 
5 103 6 0 0 0 
6 108 99 1 3 9 
7 102 90 3 1 30 
8 111 1 0 -1 0 
 These results were input to Minitab and analyzed to determine the significance of the 
operating factors. The full ANOVA reports for all 21 elements that were tracked can be 
found in Appendix A. At the conditions tested, operating temperature and L:S ratio were 
not significant factors for any of the 21 elements. Calcining temperature and pH did show 





2.4.1  Effect of Calcining Temperature 
 At a 95% confidence level, the only REE that showed calcining temperature to be a 
statistically significant factor in extraction efficiency was cerium. The relationship was 
negative, meaning that a higher calcining temperature lowered the amount of cerium that 
was dissolved. The Pareto chart for this element is provided in Figure 2.2. These results 
agree with reports by Zinin and Bushuev, who reported a negative correlation between 
cerium oxide solubility and the calcining temperature of its respective oxalate [14]. 
Although not statistically significant, lanthanum also showed an inverse relationship 
between extraction and calcining temperature. All other rare earths had a positive, non-
significant relationship between extraction efficiency and calcining temperature at 95% 
confidence. 
 If the confidence level is lowered to 80%, then lanthanum’s inverse relationship does 
become a significant factor. Additionally, the following positive relationships would 
become significant: yttrium, europium, terbium, dysprosium, holmium, erbium, and 
thulium. The downside of lowering the confidence level is that it increases the likelihood 






Figure 2.2: Pareto chart of parameters’ effects on extraction efficiency of cerium 
 Since a lower extraction efficiency of cerium is desired, it was concluded that a high 
temperature of calcination would be studied going forward. 
2.4.2  Effect of pH 
 At 95% confidence, the strongest effect of pH was experienced by scandium. The 
Pareto chart for this element can be seen in Figure 2.3. At this confidence level, pH was 
also statistically significant for the extraction of europium, dysprosium, holmium, 
erbium, thulium, ytterbium, and lutetium. These results indicate that the HREE are more 
sensitive to pH regarding their dissolution behavior. For the non-rare earths that were 
tracked through the dissolution, aluminum and thorium both showed pH to be a 






Figure 2.3: Pareto chart of parameters’ effects on extraction efficiency of scandium 
 As expected, all the elements showed an inverse relationship with pH and had higher 
extraction efficiencies in the more acidic environment. This includes the high value rare 
earths as well as the impurities. Follow-up tests were tasked with finding the pH that 
provides a balance between maximizing the desirables while minimizing contaminants.  
2.4.3  One-Factor-at-a-Time (OFAT) Experiments 
 Based on the results of the factorial design, it was decided that a central composite 
design to optimize the operating conditions was not warranted due to the high number of 
runs that would be required. A smaller number of one-factor-at-a-time (OFAT) 
experiments were planned to test the lower limits of L:S ratio and pH.  
 The goals were to maximize the extraction efficiency of the rare earths (minus 





Additionally, the following goals were set for the operating conditions: determine the 
minimum L:S ratio that allows for high extraction before solubility became a limiting 
factor, and find the pH that allows for high extraction of the desirables while leaving the 
contaminants in the cake. 
 The first test followed the same procedure as outlined above, but with the following 
exceptions: all oxalate samples were calcined at 1100 °C, all tests were conducted at 
room temperature (25 °C), and a L:S ratio of 200:1 was used throughout. The following 
pH values were tested at these conditions: 3.0, 3.5, and 4.0. 
 
Figure 2.4: Varying pH values at a constant L:S ratio of 200:1 
 As seen in Figure 2.4, scandium and a few of the LREEs showed an increase in 
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were mixed depending on the element with no clear trends identifiable. Since single 
replicates were used due to limitations on the amount of rare earth oxalates available, 
error bars could not be created for this graph. Based on the results it was determined that 
operating at pH 3.5 was preferential over pH 4 due primarily to the increased scandium 
recovery. However, it was unclear if increased extraction at pH 3 would justify the higher 
acid consumption. To help determine this, the performance of non-REE elements was 
compared for the three pH values. 
Table 2.6: Recovery (%) of non-REEs 
from OFAT pH experiments 
pH Ca Al Fe Th U 
4 115 101 1 2 44 
3.5 110 102 9 9 53 
3 103 101 45 44 42 
 As seen in Table 2.6, calcium and aluminum are both dissolved quantitatively 
regardless of the operating pH; likewise, approximately half of the uranium will dissolve. 
The most noteworthy behavior is seen with iron and thorium – both see a slight increase 
in extraction while going from pH 4 to pH 3.5, followed by a large jump in recovery at 
pH 3. Since these impurities will lower the quality of the final rare earth product, it was 
determined that operating at pH 3.5 provides a good balance of increased REE extraction 
coupled with low iron and thorium contamination. This was the same conclusion reached 
by Amer et. al, who selectively dissolved the non-cerium REEs from a mixed hydroxide 
cake [15].  
 The next phase of testing aimed to explore lower values for the L:S ratio, as this 





calcining temperature, and 25 °C operating temperature, the following L:S ratios were 
tested: 200:1, 75:1, and 50:1.  
 
Figure 2.5: Varying L:S ratios at a constant pH of 3.5  
 The results from the OFAT L:S ratio experiments can be seen in Figure 2.5. As 
before, these were single replicates and error bars could not be created for the extraction 
values. However, a clear trend emerges across all elements where there is only a slight 
change in extraction while decreasing the L:S ratio from 200:1 to 75:1, followed by a 
large decrease at 50:1. These results indicate that somewhere between 75:1 and 50:1 
solubility of the various chlorides becomes a limiting factor that impedes further 
dissolution of the REEs. From these results, it was determined that a L:S ratio of 75:1 













2.5  Summary 
 A ½-fraction 24 factorial design was successfully employed to determine the 
significance of several operating factors on the extraction efficiency of the REEs and 
several impurities. The two most significant effects were an inverse relationship between 
calcining temperature and the extraction of cerium, and an inverse relationship between 
operating pH and the extraction of scandium.  
 Several follow-up experiments were conducted in a one-factor-at-a-time format to 
help determine the optimal operating conditions for a continuous process. It was found 
that by calcining at 1100 °C and using concentrated HCl to maintain pH 3.5 in a 75:1 
liquid:solid ratio, the extraction of high-value REEs varied from 84 – 100% while 
cerium, thorium, and iron were less than 10% extracted.  
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Chapter III: Recovery of the Rare Earths via Ion Exchange 
3.1  Introduction and Problem Statement  
Once the rare earths (minus the majority of cerium) are in solution, the next step 
in purification is to quantitatively separate the calcium. Earlier tests attempted to 
selectively precipitate the REEs using various bases, but it became clear that to achieve 
the high purity and recovery required for this project a more advanced separation 
technique was needed. For this work, ion exchange was chosen over solvent extraction 
due to environmental concerns and uncertainty over how the solvent would perform with 
large variations in the feed concentration.   
3.2  Background  
3.2.1  Ion Exchange Fundamentals  
Ion exchange is a reversible chemical reaction where certain ions are removed 
from a solution and replaced by an equivalent charge of different ions. If the ions being 
exchanged are positive, the phenomenon is known as cation exchange; if they are 
negative, it is anion exchange. Equation 3-1 is an example where a cation exchange resin 
(R) with fixed negative charges removes Na+ from solution by replacing it with an 
equivalent amount of H+. The underscore indicates the components are in the solid 
phase.  
Na+ + R-H+ + Cl- ⇌ H+ + R-Na+ + Cl-           (3-1)  
Here, Na+ and H+ are known as counter-ions since they have a charge opposite that of the 





The requirement that an amount of one ion be replaced by an equivalent charge of 
another makes doing ion exchange calculations in units of moles or grams complicated. 
For this reason, the units of equivalent (Eq) are typically used. The number of equivalents 
of an ion is simply the number of moles times its valency. For example, one mole of 
sodium is one equivalent whereas one mole of calcium is two equivalents.   
One of the most common applications of ion exchange is in water softening, a 
cation exchange process in which “hard” ions (i.e. calcium and magnesium) are 
exchanged for “soft” ions (i.e. sodium). Another application is demineralization, where a 
cation exchange resin is used to replace all cations in solution with H+ and an anion 
exchange resin replaces the anions with OH- groups. The two ions neutralize each other, 
and ultrapure water remains.   
Although some natural ion exchange materials are still in use (e.g. zeolites) the 
majority of modern applications employ synthetic resins. These are typically copolymers 
of styrene cross-linked with divinylbenzene (DVB), but acrylic or methacrylic acid with 
DVB are also common [1]. Here, styrene provides the basic structure while the degree of 
DVB cross-linking determines physical properties such as porosity and amount of 
swelling. 
The selectivity of strong and weak cation exchange resins depends primarily on 
the valency of the ion (higher order ions being held more strongly) and the hydrated 
radius of the ion (smaller hydrated radii being held more strongly) [2]. Chelating 
resins are affected by these as well, but also have the strength of the chelating bond as a 





3.2.2  Industrial Practice of Ion Exchange  
In lab settings, ion exchange resins may be mixed with a fluid in a shaken flask to 
determine thermodynamic and kinetic data. Industrially, resins are packed into columns 
and a process fluid is continuously pumped through the bed. By measuring the 
concentration of target metals in the bed’s output and plotting them against the total 
volume of solution treated, a breakthrough curve similar to the one shown in Figure 
3.1 can be created. The amount of solution is reported in units of bed volume (BV), 
which equals the volume of resin loaded into the column. This is a common way of 
reporting volume since it standardizes runs carried out with different amounts of resin. 
The y-axis is given in units of concentration (typically ppm) for a target metal. Also 
common is to report this value as a percent of the feed concentration.   
 





At the beginning of a run, nearly all of the target metal is adsorbed onto the resin 
and does not appear in appreciable concentration in the outlet. As the run progresses and 
more of the resin’s capacity is consumed, the concentration of this metal slowly 
increases. After sufficient time the bed will reach its operating capacity and the 
concentration will sharply increase. The point at which this occurs is known as 
breakthrough, and the concentration will continue to rise until it reaches its value in the 
feed solution. In some multicomponent systems where lower affinity metals could be 
displaced by higher affinity ones on the resin, the concentration of certain metals in the 
effluent could briefly spike to values significantly above their feed conditions.   
Once exhausted, the resin is backwashed with DI water until the bed fluidizes 
to 150 – 200% of its initial volume. This serves several purposes: it removes resin fines 
and other debris that have accumulated in the bed, it classifies the bed so smaller beads 
are at the top and larger beads at the bottom, and it relaxes some of the bead contraction 
that occurs during operation. Backwashing is typically carried out for 15 – 20 minutes.   
After backwashing, the bed is ready for regeneration. A suitable regenerant is 
passed through the bed and desorbs the attached metals so they could be recovered. If the 
regenerant passes through the bed in the same direction as the process fluid it is known as 
co-flow regeneration; if it passes in the opposite direction it is counter-flow. Counter-
flow regeneration uses less regenerant and achieves better results, but requires more 
complex equipment with a higher capital cost. It is typically not possible to achieve 
counter-flow regeneration at the lab scale. By plotting the concentrations of target 
metals versus volume (or bed volumes) of regeneration chemical, an elution curve similar 






Figure 3.2: Example elution curve [4]  
Figure 3.2 is an example of a chromatography separation, where different metals 
elute at sufficiently different volumes so that they could be separated from each other. 
This type of separation typically requires large differences in selectivities between 
metals, but specialty solvents may allow similar metals to be separated via this method. 
Such solvents are required to generate high purity individual rare earth elements since 
they typically behave as one unit in solution. When the target product is a rare earth 
concentrate, a mineral acid may be used to elute all the metals together without intra-rare 
earth separation.   
Following regeneration, the bed in rinsed with DI water to remove excess 
regenerant. The next step – conditioning – is optional depending on what form of the 
resin is desired. The form a resin is in refers to the identity of the counter-ion on its 
fixed charge sites. For cation exchange, resins are typically run in either the Na+ or H+ 





regenerant. Acids will leave a resin in its H+ form whereas concentrated brine solutions 
will result in the Na+ form. Conditioning is the act of switching from one form to another 
and may not be necessary if the regenerant left the resin in the form desired for the next 
treatment cycle. If conditioning is carried out then another washing step is required 
before the bed is ready to be loaded with metals again.   
3.3  Materials, Method, and Equipment  
Discussions with various ion exchange vendors led to the acquisition of six resin 
samples. Some important properties of these resins can be found in Table 3.1.  
Table 3.1: Names and key properties of the ion exchange resin samples 
Resin Name  Manufacturer  Classification  Functional Group Total Capacity  
IRC 748  DuPont  Chelating  Iminodiacetic acid  1.35 Eq/L*  
M4195  DuPont  Chelating  Bis-Picolylamine  Not reported  
MDS 200 H  Lanxess  Strong Cation  Sulfonic acid  2.3 Eq/L**  
TP 260  Lanxess  Chelating  Amino methyl 
phosphonic acid  
2.4 Eq/L**  
C115  Purolite  Weak Cation  Carboxylic acid  3.5 Eq/L**  
C160  Purolite  Strong Cation  Sulfonic acid  2.3 Eq/L**  
* H+ form, ** Na+ form  
Qualitative batch screening tests and a literature review indicated that either an 
iminodiacetic (IDA) or amino methyl phosphonic (AMP) acid functional group 
would have the selectivity that we required. Both resins have been studied extensively 
regarding their performance in adsorbing the rare earth elements, with many 
authors generating isotherms and investigating the kinetics in a batch setting 





from various resins and have concluded that either an IDA or AMP resin provides the 
best combination of capacity and selectivity for capturing the rare earth elements from 
various mediums [8, 9, 10, 11, 12].  
Table 3.1 presents the total capacity that manufacturers report on the spec 
sheets for their respective resins. This is a fixed value that represents the total number of 
exchange sites on a resin and does not change depending on application. A different 
measure of capacity – the operating capacity – is of more interest from an engineering 
standpoint since it indicates the actual performance that can be expected during a specific 
application. It depends on characteristics such as feed concentration, flow rate, and 
pH. This value must be determined experimentally and is often compared to the total 
capacity to determine how well a resin performs in a situation. This work was interested 
in finding how our feed solution would perform in an industrial setting, so the focus was 
placed on studying the continuous flow through a column packed with IDA or AMP ion 
exchange resin.  
An ion exchange test column was acquired from ResinTech Inc. to perform the 
continuous tests. It consisted of a 1” ID x 36” acrylic column with a screened bottom and 
various fittings. Additionally, an Ismatec Reglo ICC peristaltic pump being gravity-fed 
by a 2.5-gallon polypropylene tank was used to pass the solution through the column. A 







Figure 3.3: Experimental setup for continuous ion exchange column tests 
To fill the column, a scoop was used to transfer resin from the manufacturer’s 
bottle to a beaker until a target volume was collected. Sufficient DI water was added 
while swirling the beaker to create a pourable slurry, and a funnel was used to transfer the 
slurry into the column. To backwash the resin, the polypropylene tank was filled with DI 
water and valves B and C were open while A and D were closed. The peristaltic pump 
was turned on and the flowrate adjusted until the resin bed fluidized to twice its original 
height. This flow was maintained for 30 minutes, with the DI from the top of the column 
being collected for disposal. After the backwashing period was complete the pump was 
turned off and the resin allowed to settle for 10 minutes. Any remaining DI was drained 
from the tank before continuing.   
Manufacturers typically ship their resins in the Na+ form. If the loading test is to 
be carried out in the H+ form then the resin must be conditioned before use. To 





and D open (B and C closed), this solution was pumped through the bed at a flowrate of 5 
bed volumes per hour (BV/hr) for 2 hr. The spent solution passing through valve D was 
collected to be neutralized and disposed of. The conditioning solution was rinsed from 
the tank and column using 10 BV of DI water at a flowrate of 5 BV/hr. Following this 
rinse, the bed was ready for the loading cycle.   
The rare earth solution was added to the tank and the remaining DI in the column 
was drained until it was approximately 5 cm above the top of the resin bed. The valve 
configuration was left the same (A and D open, B and C closed) and the flow was set to 
the desired value using the peristaltic pump. The first 1/3-bed volume collected was 
primarily the DI that was initially covering the resin, so it was discarded. The next BV 
was collected in a storage bottle and labeled Bed Volume 1. Each subsequent BV was 
collected and labeled in the same fashion until the end of the run (the total volume until 
exhaustion was estimated beforehand). The collected BVs were strategically chosen for 
ICP-OES analysis to minimize the total number of analyses required for a loading curve.  
After exhaustion, any remaining rare earth solution was drained from the tank and 
replaced with DI water. The bed was backwashed following the procedure outlined 
above. The next step was regeneration, which followed the same procedure as 
conditioning but with the appropriate regenerant. Additionally, the effluent from the 
regeneration steps was collected and labeled for ICP-OES analysis. The bed was then 
rinsed with DI water as outlined above, and finally it was determined if conditioning was 
necessary. If required, the bed was conditioned with an appropriate chemical as outlined 
above and then rinsed with DI water. After this final step, the bed was ready for the next 





3.4 Results and Discussion  
For this thesis, breakthrough is defined as occurring when the concentration of a 
rare earth metal in the effluent is 10% of its feed concentration. This value is commonly 
used for hydrometallurgy applications of ion exchange resins, but it is arbitrary and may 
not be the same definition used during pilot plant operation of this technology. 
Figure 3.4 presents a simplified breakthrough curve from a continuous test using 
an iminodiacetic acid resin in its hydrogen form. The initial bed height was 53.9 cm 
which corresponds to a bed volume of 273 mL resin for our 1” ID column. At 5 BV/hr, 
the flow of pH 3.5 REE solution was 22.8 mL/min. The concentration of rare earths in 
this feed solution was 2.80 mM, which equals 8.41 mEq/L for the trivalent rare earths. 
Accounting for aluminum and iron, which are expected to be the primary competitors for 
active sites in this solution, the effective concentration of trivalent metals (M3+) was 9.91 
mEq/L. Additionally, this solution contained 5460 ppm calcium. These values for the rare 
earths and calcium are expected to be close to what is seen during pilot operation, but the 







 Figure 3.4: Loading curve for IDA resin in the H+ form. REE solution (9.91 mEq/L 
M3+) fed pH 3.5 at 5 BV/hr 
As seen in Figure 3.4, the rare earths begin to break through the resin around the 
10th bed volume. The heaviest rare earth, lutetium, breaks through first and the remaining 
REEs begin to break through in order of decreasing atomic number. Despite having the 
second lowest atomic number of the REEs, yttrium is known to behave similarly to the 
HREEs and breaks through between ytterbium and thulium. Scandium, known to behave 
differently from both the HREEs and LREEs, is held the strongest and is still being 
adsorbed at greater than 99% efficiency after 24 BVs. This agrees with the findings of 
Yuchi et. al, who found that IDA resins showed the highest selectivity towards Scandium 
of all trivalent metals [13]. All of the LREEs are held stronger than the HREEs and are 
expected to break through somewhere between dysprosium and scandium. A full 

















With breakthrough at BV 10, the operating capacity for the resin under these 
conditions is 0.099 mEq M3+ per mL resin in the H+ form. It is important to specify which 
form the capacity is reported for, given the significant volume change seen between the 
Na+ and H+ forms. This operating capacity is only 5.4% of the total capacity reported by 
the manufacturer. (The reported capacity of 1.35 Eq/L is for the Na+ form. In the H+ form 
the expected capacity is 1.82 Eq/L.) Additionally, with a flowrate of 5 BV/hr and 
breakthrough occurring at the 10th BV, these results indicate that a treatment cycle of 
only two hours is possible for our expected REE solution. This is unfeasible as it would 
require near-constant cycling between the different operating and regeneration cycles and 
would incur large costs for regeneration chemicals. Still, the bed was fully regenerated to 
determine the behavior and extent of metals eluting off the resin.  
 
Figure 3.5: Stripping curve for IDA resin that was loaded in the H+ form at pH 3.5. 5% 

























Figure 3.5 presents the stripping curve for an IDA resin that was loaded in its H+ 
form at pH 3.5. The initial bed height was 53.9 cm and a 5% HCl solution was passed 
through the bed at 3 BV/hr. This corresponds to a flow of 13.7 mL/min and the first five 
BVs were collected for analysis. HCl was the only acid tested for stripping the REEs 
because the other two options – sulfuric and nitric – each presented issues. Nitric acid is 
known to react violently with organic resins and will drastically lower the useful life of 
the resin. Sulfuric acid would successfully strip the rare earths but may foul the resin by 
forming gypsum with any calcium that was co-loaded onto the resin. Additionally, 
precipitating REEs from a sulfate medium would result in the formation of double 
sulfates of the form LnM(SO4)2∙nH2O where M may be any alkali or alkaline earth metal, 
or ammonium [14]. Refiners would not be willing to accept this a feed to their process, 
and more steps would be required to generate rare earth oxides or carbonates. 
As seen Figure 3.5, the first BV consists primarily of calcium that was co-loaded 
onto the resin with the target metals. The most prevalent rare earth in this sample was 
yttrium at 102 ppm. All of the rare earths as well as aluminum and iron peaked in the 
second bed volume, and by BV three all metals were at or below 65 ppm (the 
concentration of scandium).    
Unlike the loading curve for the IDA resin in the H+ form, its stripping curve is 
very favorable. All the rare earths show a strong peak with little to no tailing, which 
would allow for minimum usage of HCl to strip the bed and minimum base to precipitate 
the rare earths from the liquor. Unfortunately, the loading behavior of the H+ form IDA 
resin makes its application unfeasible for our process. It was decided that the next phase 





Figure 3.6 presents a loading curve for an AMP resin in the H+ form. The bed 
height was 23.5 cm, giving a bed volume of 119 mL. At the minimum recommended 
flowrate of 5 BV/hr, the same rare earth solution as before (pH 3.5 with 9.91 mEq/L 
trivalent metals) was passed through the bed at 9.92 mL/min.   
 
Figure 3.6: Loading curve for AMP resin in the H+ form. REE solution (9.91 mEq/L 
M3+) fed pH 3.5 at 5 BV/hr 
Figure 3.6 is a simplified version of the full breakthrough curve found in 
Appendix B. The results from loading the AMP resin in the H+ form are much more 
favorable than the IDA resin, and the rare earths don’t begin breaking through until the 
55th BV. Lanthanum, the lightest rare earth, is the first to break through and the 
remaining REEs follow in order of increasing atomic number. This is the opposite trend 
that was seen with the IDA resin in its H+ form. Since lanthanum and cerium are the 




















BV when some of the higher-value rare earths (e.g. neodymium and dysprosium) begin to 
appear in the effluent. This corresponds to an operating capacity of 0.585 mEq M3+ per 
mL of resin in the H+ form – 24% of the total capacity. Scandium, the most valuable rare 
earth, is held exceptionally strong to the resin and doesn’t break through even after 115 
bed volumes of solution are passed through the column. Unfortunately, this strong 
affinity becomes a disadvantage when trying to regenerate the resin.   
 
Figure 3.7: Stripping curve for AMP resin that was loaded in the H+ form at pH 3.5. 5% 
HCl fed at 3 BV/hr 
Figure 3.7 presents a simplified stripping curve using 5% HCl on a loaded AMP 
resin. The initial bed height was 23.5 cm and the acid solution was passed through the 
resin at 3 BV/hr (equal to 5.95 mL/min). This graph reveals several key issues with 
stripping the AMP resin. First, co-loading of calcium was significant during the treatment 


























operating capacity for trivalent metals was only 24% of the reported total capacity. 
Second, there is significant tailing for the REEs and even after 7 BVs of acid there were 
730 ppm total rare earths in the eluate. Third, and most significant, is the fact that 
scandium does not elute off the resin.  
Given the high value of scandium, it is unacceptable to settle for losing the metal 
during a purification step. Furthermore, it would accumulate on the resin over time until 
the operating capacity was sufficiently reduced and the treatment cycles became 
uneconomically short. At this point, the scandium could be recovered by burning the 
resin and collecting the ash but the high cost of replacing the resin makes this 
unfeasible.   
After searching the literature, it was found that the issue of stripping scandium 
from AMP resins has been reported by many authors. Smirnov et. al tested 8 different 
eluents and found that HCl was the second-least effective at stripping scandium. The 
most effective was a 180 g/L sodium carbonate solution, which forms anionic complexes 
with various metals and allows them to more easily come off a loaded resin [15]. The 
same stripping solution was successfully used by Hajmodhammadi et. al and Bao et. al 






Figure 3.8: Stripping curve for AMP resin that was loaded in the H+ form at pH 3.5. 180 
g/L Na2CO3 fed at 3 BV/hr 
Figure 3.8 gives a simplified stripping curve for a loaded AMP resin that was 
stripped with a 180 g/L sodium carbonate solution. The initial resin height was 30.7 cm, 
and the solution was passed through the bed at 3 BV/hr (equal to 7.78 mL/min). The 
concentrations of metals in this effluent are significantly different from the 
concentrations seen in Figure 3.7 because a different feed solution had to be used to load 
the resin for this elution test, and it was artificially high in yttrium relative to the other 
REEs. This element was added as a pure oxide powder to create a total rare earth content 
(in mEq/L) that was comparable to the previous solution. The yttrium content in the 
effluent peaked in the second bed volume at 3950 ppm and is not shown in Figure 






















was 5370 ppm (compared to 5460 ppm in the prior solution) so the co-loading of calcium 
was expected to be the same.   
As seen in Figure 3.8, scandium is successfully eluted from the resin under these 
conditions, but several issues remain. First, all metals continue to experience some 
tailing. While scandium and the HREE eventually reach sub-ppm concentrations by the 
14th BV, aluminum and the LREE are still somewhat significant even after this large 
amount of eluent. Neodymium, which is one of the more valuable rare earths, is still 
present in the 14th BV at 21 ppm (nearly 10% of its peak value).   
Recovering the REE from this carbonate eluate requires acidifying it with HCl to 
pH 6 and filtering the precipitates. More than 14 BVs of a fairly concentrated basic 
solution would need to be neutralized to recover all the REE based on the results in 
Figure 3.8, and this would incur large costs for HCl. Another problem with the sodium 
carbonate method of elution is the behavior of calcium, which is not eluted from the resin 
with this eluent. It was seen in Figure 3.7 that co-loading of calcium on the AMP resin is 
significant, but the peak in Figure 3.8 is two orders of magnitude smaller than its 
predecessor. This indicates that there is significant calcium on the resin after sodium 
carbonate regeneration, and the operating capacity of the following cycle would be 
drastically reduced. This could be avoided with a two-step regeneration using sodium 
carbonate to recover the rare earths followed by hydrochloric acid to strip the calcium 
and fully regenerate the bed.   
Alternatively, using the hydrochloric acid eluent first would provide an 
opportunity to produce a high purity scandium product if all the other REEs were 





co-loading and a carbonate precipitation of the acid eluate may not reach the 90% purity 
target of this work. This method would even exacerbate the calcium co-loading issue by 
leaving the resin in the Na+ form after carbonate regeneration. Operating the AMP resin 
in the Na+ form would cause the pH of the effluent to be higher than the inlet during the 
loading cycle, and this would further increase the amount of calcium that was co-loaded 
onto the resin as the selectivity for calcium is highly dependent on pH.   
However, the rise in pH that is observed when loading a resin in its Na+ form may 
be advantageous when using an IDA resin with our feed solution, since pH 3.5 is towards 
the lower end of its operability and competition with H+ for the active sites caused the 
REEs to break through very early (Figure 3.5). If the IDA resin begins the treatment 
cycle in the Na+ form it will cause the pH to rise and may result in better adsorption of 
the REEs. Unfortunately, more calcium will load under these conditions and this 







Figure 3.9: Loading curve for IDA resin in the Na+ form. REE solution (17.8 mEq/L 
M3+) fed pH 3.5 at 5 BV/hr 
As seen in Figure 3.9, the loading behavior of an IDA resin in the Na+ form is 
significantly more favorable than in its H+ form (Figure 3.5). The feed to the column was 
at pH 3.5 and had a trivalent metals concentration of 17.8 mEq/L. This is higher than 
what is expected during pilot operation, but the calculation for operating capacity will 
allow the results to be applied to any feed concentration. The initial height of the bed 
was 18.9 cm, giving a bed volume of 95.8 mL. At 5 BV/hr, this corresponds to a flow of 
7.98 mL/min. This flow was adjusted throughout to run to maintain the same specific 
flow rate, reaching a final value of 8.01 mL/min when the bed height contracted to 15.9 
cm. This 16% decrease in height is less than what the manufacturer reported in the spec 
sheet for the resin (35%). The x-axis is given in terms of bed volumes based on the initial 


































Interestingly, the LREEs break through before the HREEs which is the opposite 
trend that was seen in the H+ form. Lanthanum begins to break through around the 40th 
BV, followed by cerium and several of the other LREEs around number 44. Once again, 
scandium was held very strongly to the resin and was being adsorbed near 100% 
efficiency even after 65 BVs. Stripping the IDA resin with 5% HCl is an easy process, 
however, so this strong affinity for scandium is not an issue.  
Since lanthanum is one of the least valuable REEs, breakthrough of the IDA resin 
in the Na+ form was said to have occurred in the 46th bed volume, when praseodymium 
and neodymium broke through. Given the feed concentration of 17.8 mEq/L M3+, the 
estimated operating capacity of the IDA resin is 0.819 mEq of M3+ per mL of resin in the 
Na+ form. This is 61% of the total capacity reported by the manufacturer.   
For this loading cycle, the pH of each bed volume was measured and plotted on 
the secondary y-axis on the right side of Figure 3.9. The first notable feature of this pH 
curve is its correlation with calcium at the beginning of the loading cycle. As seen in the 
figure, calcium loads onto the resin during the first 7 BVs and then breaks through at BV 
8. The pH briefly plateaus around 9.7 while calcium loads, and then drops steeply to a 
second, longer plateau around pH 6.5 after calcium breaks through. At this second 
plateau, calcium is present in the effluent at a higher concentration than its feed as it is 
being displaced from the resin by the higher-affinity trivalent metals. 
The second plateau ends when the pH begins decreasing again at bed volume 36. 
This is 4 BV before lanthanum breaks through and 10 BV before the valuable REEs 
begin to break through. This figure indicates that pH may be used to predict when 





the delay between the end of the second plateau and breakthrough of the valuable REEs 
needs to be studied further. 
 
Figure 3.10: Stripping curve for IDA resin that was loaded in the Na+ form at pH 3.5. 5% 
HCl fed at 3 BV/hr 
Figure 3.10 presents a simplified stripping curve for an IDA resin in the Na+ form 
that was fed an REE solution at pH 3.5. Quarter bed volumes were collected to better 
understand the order of elution for the various metals loaded on the resin. Additionally, 
pH was measured and plotted against the secondary y-axis on the right side of the figure. 
A version of this stripping curve with all 16 rare earths can be found in Appendix B.  
Co-loading of calcium was severe during the loading cycle, and in the 
stripped solution it peaked near 15000 ppm Ca in BV 1.3. This is due to the rise in pH 









































peak was higher than any of the individual rare earths’ peaks and would likely prevent 
the target purity of 90% from being realized.   
A chromatography separation while stripping the resin is not feasible due to the 
large overlap in curves seen in Figure 3.10. Slowing the flow of HCl to achieve better 
curve separation is not advisable, since 3 BV/hr is already operating at the bottom of the 
recommended flow range the manufacturer provided and channeling inefficiencies would 
be introduced at lower flow rates. Additionally, a chromatography separation would still 
allow calcium to load onto the resin during the operating cycle, lowering the effective 
capacity for rare earths.   
It was decided that the best course of action would be to acidify the rare earth 
solution to a pH below 3.5 before feeding the ion exchange column. This would partially 
offset the rise in pH that is seen when loading a resin in its Na+ form and thus lower the 






Figure 3.11: Loading curve for IDA resin in the Na+ form. REE solution (17.4 mEq/L 
M3+) fed pH 2.5 at 5 BV/hr 
Figure 3.11 presents the loading curve for an IDA resin in its Na+ form being fed 
a pH 2.5 REE solution with 17.4 mEq/L M3+ at 5 BV/hr. The initial bed height was 18.7 
cm, and the initial flow of 7.9 mL/min was adjusted throughout the run to maintain a 
specific flowrate of 5 BV/hr as the bed gradually contracted to a final height of 15.7 
cm. The x-axis is given in terms of BVs based on the initial height of resin.  
Breakthrough of the valuable rare earths begins at the 44th bed volume, which 
corresponds to an operating capacity of 0.774 mEq M3+ per mL resin in the Na+ form. 
This is 57% of the total capacity as reported by the manufacturer, which is less than what 
was seen at a pH 3.5 feed. This indicates that competition with H+ for active sites on the 































As before, pH of the effluent is plotted on the secondary y-axis and its shape is 
very similar to what was seen in Figure 3.9. The second plateau ends when the pH begins 
decreasing at bed volume 33, which is 11 BV before breakthrough of the valuable REEs 
begins. This provides stronger evidence that pH may be used to predict breakthrough of 
the REEs. Although calcium was significantly outside its calibration range and is not 
plotted, its behavior can be inferred from the pH curve. The first plateau in Figure 3.11 is 
smaller than what was seen in Figure 3.9 and indicates that calcium breaks through at BV 
6. This means that calcium loads onto the resin for 2 fewer BVs at pH 2.5 feed compared 
to 3.5, and a higher purity REE product could be attained at this lower pH. This is 
confirmed by examining the curve produced by stripping the loaded resin. 
 
Figure 3.12: Stripping curve for IDA resin that was loaded in the Na+ form at pH 2.5. 5% 










































  Figure 3.12 is a simplified stripping curve for an IDA resin in its Na+ form that 
was loaded with a pH 2.5 REE solution. The stripping solution was collected in 25 mL 
sample vials, which works out to approximately 1/7 bed volumes. The location and size 
of rare earth peaks are very similar to what was seen in Figure 3.10, with the most 
striking difference being the order of magnitude decrease in calcium’s peak. This 
indicates a large reduction in the resin’s selectivity for calcium after lowering the pH of 
the feed solution. As was also seen in Figure 3.10, once all the rare earths are stripped off 
the resin the pH of the effluent turns negative and stabilizes. This indicates that 
regeneration of the resin could be indirectly monitored by observing pH behavior, which 
will allow for minimum usage of HCl since it could stop being fed as soon as 
regeneration is complete.  
 

























  Figure 3.13 presents the stripping curves for the four most prevalent 
contaminants seen in our feed solution, along with dysprosium for comparison. All four 
show similar behavior to the rare earths and peak very closely to the bulk of the REEs. 
Even when the peaks are offset by nearly half a bed volume, as is the case with 
aluminum, there is enough overlap to make a chromatography separation of these 
contaminants unrealistic. However, as mentioned previously the rare earth solution used 
in these experiments is significantly higher in iron and aluminum than what will be seen 
during our pilot plant operation. Therefore, nickel is expected to be the primary 
contaminant in our final product. The four contaminants in Figure 3.13 reached sub-ppm 
concentrations by BV 2.75 and a mass balance indicated that they were quantitatively 
eluted by the HCl solution. Unfortunately this was not true for two minor contaminants: 






Figure 3.14: Stripping curve for secondary contaminants of Figure 3.12 
Figure 3.14 displays the stripping curves for zinc and lead alongside thulium – our 
least abundant rare earth. Although these metals don’t have large enough peaks to be of 
significant concern regarding final product purity, their tailing behavior is concerning for 
the long-term performance of the resin. While all of the rare earths and primary 
contaminants approach zero ppm in the effluent after 2.75 BVs, these two metals are 
still being detected at appreciable concentrations. Zinc is of particular concern, since it is 
still eluting at 60 ppm two BVs after the last rare earths came off the resin and appears to 
only slightly be trending downward.    
The most economical option for stripping the resin is to stop feeding regenerant as 
soon as all the rare earths have eluted. Unfortunately, this would cause zinc and lead to 


























low. One way around this is to use a special regenerant once the operating capacity 
reaches a predetermined lower limit. A standard stripping cycle would end once the pH 
turned negative and stabilized, indicating that the rare earths quantitatively eluted, and 
any zinc remaining on the resin would be allowed to accumulate. After a sufficient 
number of loading and stripping cycles the special regenerant would be passed through 
the column with the sole purpose of stripping the accumulated zinc and lead and 
returning the resin to its initial operating capacity.   
The first step in this advanced regeneration scheme is to identify a suitable 
chemical that can quantitatively elute zinc and lead from an iminodiacetic acid resin. The 
literature was consulted, and it was found that Samczynski had success using a mixture of 
HCl and NaNO3 to elute zinc [18]. Similarly, Malla et. al used 1 M HNO3 to 
quantitatively elute zinc, lead, and cadmium from an IDA resin [19]. Unfortunately, it 
is inadvisable to use nitric acid with organic resins because of its oxidizing behavior. In 
order to prolong the useful life of the resin with our feed solution, it was decided that 
sulfuric acid would be used instead as Bolto and Pawlowski reported success in eluting 
zinc from an unnamed chelating resin with 10% H2SO4 [20].   
Rare earth solution at pH 2.5 was used to load an IDA resin in the Na+ form until 
breakthrough, at which point the standard regeneration with 5% HCl was carried out. 
Once the pH turned negative, the bed was washed with DI water and then regenerated 
with 10% H2SO4 in a similar fashion. The eluate from this secondary regeneration was 
analyzed to determine the extent to which zinc and lead elute under these conditions. The 






Figure 3.15: Stripping curve for secondary regeneration of IDA resin that was loaded in 
the Na+ form at pH 2.5. 10% H2SO4 fed at 3 BV/hr 
As seen above, sulfuric acid successfully elutes zinc and lead off a loaded IDA 
resin. The heights of the peaks in Figure 3.14 and Figure 3.15 are not significant since it 
cannot be stated with certainty that all the metal was loaded in a single cycle; rather, 
these two metals likely accumulated over the course of several runs. While said 
accumulation may affect prior calculations for operating capacity, it is likely not a 
significant source of error since these peaks are still orders of magnitude lower than ones 
seen for REEs in previous stripping curves.  
 3.5  Summary  
  A 1” ID test column was successfully used to screen two resins to determine their 
viability for our process. An iminodiacetic (IDA) acid resin in the H+ form hit 



























However, the elution behavior of the REE off this resin was very favorable as the peaks 
showed little to no tailing. Conversely, an amino methyl phosphonic (AMP) acid resin 
had a favorable loading profile for our feed solution but its extreme tailing behavior with 
the REEs would make regeneration uneconomical. Additionally, the AMP resin loaded a 
significant amount of calcium which may prevent the target purity from being reached.  
 Testing returned to the IDA resin, this time loading it from its Na+ form. The 
resulting rise in pH during operation was expected to reduce competition between the 
REE and H+ for active sites, allowing more REEs to load. This expectation was realized 
and trivalent metals took up 61% of the resin’s total capacity with a pH 3.5 feed. 
Unfortunately, co-loading of calcium was excessive and would likely prevent our target 
purity from being reached. To partially offset the rise in pH during operation, the next 
test involved acidifying the feed solution to pH 2.5 before feeding the column. Doing so 
decreased the operating capacity of trivalent metals to 57% of the total capacity, but 
stripping tests showed that co-loading of calcium was drastically reduced.  
 The previous stripping test revealed troubling behavior with two metals: zinc and 
lead. Although they are not present in significant amounts they do not fully elute off the 
resin with HCl and would accumulate over time until the resin’s operating capacity was 
drastically reduced. To prevent this, a secondary regenerant could periodically be passed 
through the bed after a normal regeneration cycle with the sole purpose of removing these 
two metals. It was shown that sulfuric acid successfully accomplishes this task. 
3.6  References  
[1] Harland, C.E. 1994. Ion Exchange: Theory and Practice. 2nd ed. Cambridge: The 






[2] Kilislioğlu, Ayben. 2012. Ion Exchange Technologies. Analytical Chemistry. Vol. 42. 
Rijeka, Croatia: InTech. https://doi.org/http://dx.doi.org/10.5772/2925.  
[3] Neumann, S. 2008. “Working with Ion Exchangers - A Practical Guide.” Lanxess.  
[4] Mohammed, J. S. 2016. A Brief Review On Ion Exchange Chromatography. 
PharmaTutor. https://www.pharmatutor.org/articles/breif-review-on-ion-exchange-
chromatography.   
[5] Esma, Benaissa, Abderrahim Omar, and Didi Mohamed Amine. 2014. “Comparative 
Study on Lanthanum(III) Sorption onto Lewatit TP 207 and Lewatit TP 
260.” Journal of Radioanalytical and Nuclear Chemistry 299 (1): 439–46. 
https://doi.org/10.1007/s10967-013-2766-6.  
[6] Laatikainen, Markku, Catherine Branger, Katri Laatikainen, and Tuomo Sainio. 2019. 
“Ion Exchange of Lanthanides with Conventional and Ion-Imprinted Resins 
Containing Sulfonic or Iminodiacetic Acid Groups.” Separation Science and 
Technology (Philadelphia) 00 (00): 1–14. 
https://doi.org/10.1080/01496395.2019.1708938.  
[7] Strachan, Denis M., Stefan Tymochowicz, Peter Schubert, and H. M. Kingston. 1989. 
“Preconcentration of Trace Transition Metal and Rare Earth Elements from Highly 
Saline Solutions.” Analytica Chimica Acta 220 (C): 243–49. 
https://doi.org/10.1016/S0003-2670(00)80267-6.  
[8] Virolainen, Sami, Eveliina Repo, and T. Sainio. 2019. “Recovering Rare Earth 
Elements from Phosphogypsum Using a Resin-in-Leach Process: Selection of Resin, 
Leaching Agent, and Eluent.” Hydrometallurgy 189 (July): 105125. 
https://doi.org/10.1016/j.hydromet.2019.105125.  
[9] Page, Michael J., Karin Soldenhoff, and Mark D. Ogden. 2017. “Comparative Study 
of the Application of Chelating Resins for Rare Earth 
Recovery.” Hydrometallurgy 169 (May): 275–81. 
https://doi.org/10.1016/j.hydromet.2017.02.006.  
[10] Kołodyńska, Dorota, Dominika Fila, and Zbigniew Hubicki. 2020. “Static and 
Dynamic Studies of Lanthanum(III) Ion Adsorption/Desorption from Acidic 
Solutions Using Chelating Ion Exchangers with Different 
Functionalities.” Environmental Research 191 (August). 
https://doi.org/10.1016/j.envres.2020.110171.  
[11] Ang, Kwang Loon, Dan Li, and Aleksandar N. Nikoloski. 2018. “The Effectiveness 
of Ion Exchange Resins in Separating Uranium and Thorium from Rare Earth 





Engineering 123 (December 2017): 8–15. 
https://doi.org/10.1016/j.mineng.2018.04.017.  
[12] Hérès, Xavier, Vincent Blet, Patricia Di Natale, Abla Ouaattou, Hamid Mazouz, 
Driss Dhiba, and Frederic Cuer. 2018. “Selective Extraction of Rare Earth Elements 
from Phosphoric Acid by Ion Exchange Resins.” Metals 8 (9). 
https://doi.org/10.3390/met8090682.  
[13] Yuchi, Akio, Teruo Sato, Yuka Morimoto, Haruyuki Mizuno, and Hiroko Wada. 
1997. “Adsorption Mechanism of Trivalent Metal Ions on Chelating Resins 
Containing Iminodiacetic Acid Groups with Reference to Selectivity.” Analytical 
Chemistry 69 (15): 2941–44. https://doi.org/10.1021/ac9612685.  
[14] Beltrami, Denis, Gauthier J.P. Deblonde, Sarah Bélair, and Valérie Weigel. 2015. 
“Recovery of Yttrium and Lanthanides from Sulfate Solutions with High 
Concentration of Iron and Low Rare Earth Content.” Hydrometallurgy 157: 356–62.  
[15] Smirnov, Alexey L., Svetlana M. Titova, Vladimir N. Rychkov, Grigory M. Bunkov, 
Vladimir S. Semenishchev, Eugeny V. Kirillov, Nikolay N. Poponin, and Ilya A. 
Svirsky. 2017. “Study of Scandium and Thorium Sorption from Uranium Leach 
Liquors.” Journal of Radioanalytical and Nuclear Chemistry 312 (2): 277–83. 
https://doi.org/10.1007/s10967-017-5234-x.  
[16] Hajmohammadi, H, A H Jafari, and M Eskandari Nasab. 2020. “Scandium Recovery 
from Raffinate Copper Leach Solution as Potential New Source with Ion Exchange 
Method.” Transactions of Nonferrous Metals Society of China 30 (11): 3103–13. 
https://doi.org/10.1016/S1003-6326(20)65446-2.  
[17] Bao, Shenxu, William Hawker, and James Vaughan. 2018. “Scandium Loading on 
Chelating and Solvent Impregnated Resin from Sulfate Solution.” Solvent Extraction 
and Ion Exchange 36 (1): 100–113. 
https://doi.org/10.1080/07366299.2017.1412917. 
[18] Samczýnski, Zbigniew. 2006. “Ion Exchange Behavior of Selected Elements on 
Chelex 100 Resin.” Solvent Extraction and Ion Exchange 24 (5): 781–94. 
https://doi.org/10.1080/07366290600846174.  
[19] Malla, Mónica E., Mónica B. Alvarez, and Daniel A. Batistoni. 2002. “Evaluation of 
Sorption and Desorption Characteristics of Cadmium, Lead and Zinc on Amberlite 
IRC-718 Iminodiacetate Chelating Ion Exchanger.” Talanta 57 (2): 277–87. 
https://doi.org/10.1016/S0039-9140(02)00034-6.  
[20] Bolto, B.A., and L. Pawlowski. 1987. Wastewater Treatment by Ion Exchange. New 







Chapter IV: Conclusions and Future Work 
 In Chapter II, a fractional factorial design and several follow-up runs showed that 
cerium, thorium, and iron could be selectively separated from the high-value rare earths 
with the following conditions: calcining the mixed oxalate product at 1100 °C, mixing 
with DI water until a 75:1 liquid:solid ratio was attained, and then adding concentrated 
HCl to maintain a pH of 3.5 for 24 hours. The recovery of high-value rare earths to the 
liquid fraction ranged from 84 – 100% while cerium, thorium, and iron were all below 
10%.  
 Follow-up experiments to determine the lowest calcining temperature that still 
fully oxidizes the Ce3+ to Ce4+ were unable to be performed due to insufficient oxalate 
product. When the parametric tests of upstream unit operations resume and more rare 
earth oxalates are generated, the following calcination temperatures will be tested with 
the aforementioned pH and L:S ratio: 800°C, 900°C, and 1000°C. Once the optimal 
conditions are determined, a kinetics test will be carried out to determine the required 
residence time for our desired recoveries.  
 In Chapter III, several continuous-flow column tests with two different ion 
exchange resins were carried out. It was found that by acidifying the filtrate from Chapter 
II to pH 2.5 and feeding to an iminodiacetic acid resin in its sodium form, the operating 
capacity for trivalent metals was 0.774 mEq/mL resin – 57% of the total capacity. 
Although part of this capacity was used by iron and aluminum during these tests, for our 





resin is easily accomplished with a 5% HCl solution and all the rare earths elute together 
without any intra-rare earth separation. Finally, any lead and zinc that accumulate over 
time could be stripped with a 10% H2SO4 solution to return the resin to its initial 
capacity.  
 Once the parametric tests resume and more rare earth product is available, future 
experiments will load the resin at the following pH values: 2.25, 2.75, and 3.0. This will 
be done to locate the region where the operating capacity for rare earths reaches a 
maximum value (too low a pH and competition with H+ will lower the capacity; too high 
a pH and co-loading of Ca2+ will do the same). Additionally, pH will be measured during 
the loading cycle and plotted alongside the breakthrough curves to develop a stronger 
correlation between pH behavior and breakthrough. 
 The final set of experiments will test the precipitation of rare earths from the ion 
exchange eluate. Sodium carbonate or sodium hydroxide will be used to increase the pH 
to various values to determine which arrangement achieves the best combination of purity 
and recovery. Once all the operating parameters are determined, the work of scaling this 







Appendix A: Fractional Factorial Design ANOVA Reports 
 





































































































































































Appendix B: Loading and Stripping Curves for all 16 REEs 
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